Opioid receptors have been shown to dimerize or oligomerize among themselves and each other, affecting their functional properties. This study used bioluminescence resonance energy transfer (BRET) between the , ␦, and opioid receptors to study opioid receptor aggregation in transfected human embryonic kidney 293 cells. Titration of receptor levels indicated that all three opioid receptors have a similar affinity to form homo-or hetero-oligomers in combination with any other opioid receptor type. In contrast, none of the opioid receptors formed detectable oligomers with the muscarinic M2 receptor, indicating that interactions among opioid receptors are selective. The formation of opioid receptor dimers, rather than higher order oligomers, is supported by binding kinetics in competition experiments between labeled and unlabeled receptors. Opioid receptor dimerization occurred at physiological temperatures upon receptor biosynthesis, before trafficking to the plasma membrane. Moreover, using BRET, coimmunoprecipitation, receptor binding, and G protein coupling, we demonstrate for the first time functional opioid receptor-opioid receptor heterodimerization. These combined results demonstrate that opioid receptors can undergo homo-and heterodimerization, a process with potential implications for opioid physiology and pharmacology.
G protein-coupled receptors (GPCRs), the main targets for pharmacological agents, have been shown to form dimers or oligomers between identical receptors (homo-oligomerization) or different receptors (hetero-oligomerization) (Bouvier, 2001; George et al., 2002) . First evidence of GPCR oligomerization came from coimmunoprecipitation of epitope-tagged receptors (Hebert et al., 1996; Cvejic and Devi, 1997; Jordan and Devi, 1999) . This technique requires the lysis of cells with detergents at low temperature (4°C), a process that could disrupt lipid structure and cause nonspecific aggregation or fail to preserve transient or unstable interactions during the detergent treatment. Light resonance energy transfer techniques, such as fluorescence and bioluminescence resonance energy transfer (FRET and BRET) permit the monitoring of GPCR oligomerization in living cells (Angers et al., 2000) (Overton and Blumer, 2000) . The concept of GPCR oligomerization has prompted a revision of the traditional model of a signal transduction unit containing monomeric receptors coupling to single heterotrimeric G proteins and effector proteins.
The opioid receptors, belonging to the rhodopsin family of GPCRs, , ␦, and (MOR, DOR, and KOR), play pervasive roles in pain perception, locomotion, reward, autonomic function, immunomodulation, hormone secretion, and addiction. Several lines of evidence, including BRET and FRET analysis, suggest that opioid receptors form homo-and heterodimers/oligomers (Cvejic and Devi, 1997; Jordan and Devi, 1999; George et al., 2000; McVey et al., 2001; Ramsay et al., 2002) . Oligomerization of opioid receptors has been suggested to play a role in receptor activation and internalization (Cvejic and Devi, 1997; He et al., 2002) . Moreover, hetero-oligomerization of opioid receptors seems to generate novel ligand binding properties, in some cases resembling pharmacologically defined opioid receptor subtypes but not represented by unique genes (Jordan and Devi, 1999; George et al., 2000; Gomes et al., 2000) . For example, the affinity of a MOR-DOR complex is similar to the proposed DOR 2 subtype, and a DOR-KOR complex to the KOR 2 subtype (Gomes et al., 2000; Jordan and Devi, 1999) . Evidence from MOR knockout mice also suggests the involvement of MOR in DOR-mediated antinociception and receptor trafficking (Morinville et al., 2003) . MOR-DOR interactions have also been supported by pharmacological studies in mice (Gomes et al., 2004) .
All three opioid receptors seem to form homo-oligomers, whereas DOR/KOR and MOR/DOR form hetero-oligomers (Jordan and Devi, 1999; Gomes et al., 2000) . Previous studies using immunoprecipitation failed to detect the interaction between MOR and KOR, and modeling studies also predicted that this interaction might not occur . To further test this in living cells, we measured the interaction between MOR and KOR using BRET assay in the present study. Moreover, the relative affinity between each receptor subtype and the oligomerization state (e.g., dimer, trimer, tetramer) remained unknown. All three opioid receptors are expressed in spinal cord and can be colocalized in the same neuron (Ji et al., 1995) . In cells coexpressing several receptors, the relative affinity between receptors determines which receptors are more likely to form homo-or heterodimers. In the present study, BRET was combined with analysis of receptor ligand binding for a quantitative evaluation of opioid receptor oligomerization in HEK-293 cells. Experiments with varying levels of labeled and unlabeled receptors served to estimate the relative affinity among each other and the oligomerization state. This revealed that opioid receptors form primarily dimers, with equal affinity among each other, including MOR-KOR. In addition, studies were performed to determine the subcellular location of opioid receptor dimers and the probable site of dimerization.
Materials and Methods

Materials. GFP
2 and Renilla reniformis luciferase fusion protein expression vectors (GFP-N1 and Rluc-N1) were from PerkinElmer Life and Analytical Sciences (Torrance, CA). [ 3 H]Diprenorphine (60 Ci/mmol) was from Amersham Biosciences Inc. (Piscataway, NJ). Coelenterazine H was from Molecular Probes (Eugene, OR). Deep Blue coelenterazine was from PerkinElmer Life and Analytical Sciences. Anti-GFP antibody was from BD Biosciences Clontech (Palo Alto, CA). Anti-FLAG monoclonal antibody (M2) was from SigmaAldrich (St. Louis, MO). Anti-c-Myc (9E10) antibody was from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). Anti-Na/K-ATPase and anti-calnexin antibodies were from Abcam (Cambridge, MA). Materials for tissue culture were from Invitrogen (Carlsbad, CA). All other reagents were from Sigma-Aldrich or Fisher Scientific Co. (Fairlawn, NJ).
Receptor Constructs. The human MOR, mouse DOR, and human KOR coding sequences without their stop codon were amplified from the receptor expression plasmids using sense and antisense primers harboring unique cloning sites (HindIII and KpnI for MOR and KOR, and KpnI and BamHI for DOR). The PCR fragments were then inserted in-frame into both GFP-N1 and Rluc-N1 vectors to yield constructs named MOR-GFP, MOR-Rluc, DOR-GFP, DORRluc, KOR-GFP, and KOR-Rluc. The sequences of all constructs were confirmed by DNA sequencing. To study whether opioid receptor nonspecifically heterodimerized with other G protein-coupled receptors, we also labeled human muscarinic M2 receptor with GFP-and Rluc using PCR methods.
Cell Culture and Transfection. HEK-293 cells were cultured in Dulbecco's modified Eagle's medium/Ham's F-12 50/50 (Fisher Scientific Co.) supplemented with 10% fetal bovine serum, 100 units/ml penicillin, and 10 g/ml streptomycin. For transfection, cells were seeded in six-or 12-well plate and cultured for 24 h. Transient transfections were performed using LipofectAMINE 2000 (Invitrogen) or metafectene (Biontex, Munich, Germany) according to the manufacturer's manual. To establish MOR-KOR-coexpressing stable cell lines, the same amounts of plasmids encoding N-terminal Myctagged rat MOR and FLAG-tagged human KOR (and equipped with different selection markers) were cotransfected into HEK-293 cells. Twenty-four hours after transfection, cells were cultured in the presence of 400 g/ml G418 (Geneticin) and 300 g/ml Zeocin. Surviving colonies were screened using [ 3 H]diprenorphine binding assay. The expression of both MOR and KOR on cell surface of coexpressing cell lines was determined by enzyme-linked immunosorbent assay as described below.
Confocal Microscopy. Cells in 12-well plates were transfected with 1 g of GFP fused opioid receptors. Twenty-fours after transfection, cells were trypsinized and plated into glass bottom culture dishes (MatTek, Ashland, MA) at a density of 0.5 ϫ 10 4 and cultured for another 24 h. Living cells were observed using a laser scanning confocal microscope.
BRET Assay. HEK-293 cells were cotransfected with vectors expressing the GFP-and Rluc-fusion proteins in a ratio of 10:1. Twenty-four hours after transfection, cells were harvested and washed once with phosphate-buffered saline (PBS). The cells were then suspended in Dulbecco's PBS (PBS ϩ 0.1% glucose ϩ 0.01% CaCl 2 ϩ 0.01% MgCl 2 ), and distributed into 96-well microplates (white Optiplate; PerkinElmer Life and Analytical Sciences) at a density of 50,000 cells per well. DeepBlue C was added at a final concentration of 5 M, and the readings at 410 and 515 nm were measured simultaneously using Fusion system (PerkinElmer Life and Analytical Sciences). The BRET signal was determined by the ratio of the light emitted by the receptor-GFP (515 nm) over the light emitted by the receptor-Rluc (410 nm). The background signal was determined by transfection of receptor-Rluc alone or receptor-Rluc plus GFP construct lacking the receptor sequence, which is less than 0.04 and was subtracted from total BRET signal.
Fluorescent and Luminescent Activity Measurement. Cells cotransfected with GFP-and Rluc-fusion proteins were distributed in 96-well microplates (white Optiplate) at a density of 50,000 cells per well. Total fluorescence of the cell suspensions was measured using Fusion system with an excitation filter at 410 nm, an emission filter at 515 nm, and the following parameters: read time 0.1 s, light source intensity 1, and high voltage 500. After the fluorescence measurement, the same cells were incubated for 10 min with coelenterazine H at a final concentration of 5 M. Total cell luminescence was measured using Fusion system with the following parameters: read time 1 s and high voltage 600. Background fluorescence and luminescence were determined in wells containing untransfected cells.
Correlation of Receptor Number with Fluorescent Intensity or Luciferase Activity. HEK-293 cells were transfected with different amounts of plasmids encoding GFP-or Rluc-fused receptors in 12-well plates. Twenty-four hours after transfection, cells were collected and fluorescence and luminescence were measured as described above. The same cells were then collected, washed with buffer containing 50 mM Tris-HCl, pH 7.5, and 5 mM EDTA, and incubated with 2 nM [ 3 H]diprenorphine in 500 l of the same buffer at 23°C for 1 h. The reactions were stopped by rapid filtration through Whatman GF/C glass fiber filter. Nonspecific binding was determined in untransfected cells. Receptor densities are expressed in femtomoles of receptor per milligram of total cell proteins. The receptor density was plotted against fluorescent intensity or luciferase activity. Because the fluorescence or luminescence levels are intrinsic characteristics of each construct, the linear regression curve for each construct can be used to convert fluorescence or luminescence level into receptor densities.
BRET Saturation Curves.
The experiments were performed as described by Mercier et al. (2002) with modifications. Cells in 12-well plates were cotransfected with a constant amount of Rluc-fused receptors (0.2 g for MOR, 0.1 g for DOR and KOR) and different amounts of GFP-fused receptors (ϳ0.1-2 g). Twenty-four hours after transfection, the cells were distributed into different 96-well microplates (white Optiplate) for BRET assay as described above. The same amount of cells from the same pool was also measured for fluorescent and luminescent intensity. The fluorescent and luminescent intensities were converted into receptor density using the GFPreceptor or Rluc-receptor linear regression curves (Fig. 2) . The ratio of GFP-receptor density/Rluc-receptor density was plotted against the BRET signal (after subtracting background signal) to construct BRET saturation curves fitted with the Prism program.
BRET Competition Assay. Cells in 12-well plates were cotransfected with constant amounts of expression vectors encoding GFPand Rluc-fusion receptors (MOR-GFP/MOR-Rluc, DOR-GFP/DORRluc, and KOR-GFP/KOR-Rluc) at ϳ1:1 protein ratio, and in addition with increasing amounts of expression vectors for unlabeled wild-type MOR, DOR, and KOR, respectively. BRET ratios were measured 24 h after transfection. The same amount of cells from the same pool was also used to measure fluorescent intensity and luciferase activity as described above. The total amount of receptor expressed was determined by 2 nM [ 3 H]diprenorphine binding assay. The densities of GFP-or Rluc-fusion receptors were calculated from GFP-receptor or Rluc-receptor regression curves. The quantities of wild-type receptors were determined from the difference between total receptor amount and the sum of the Rluc-and GFP-fusion receptors. The ratio of competitor receptor (wild-type receptors)/ BRET receptors (GFP-and Rluc-fused receptors) was plotted against the ratio of BRET signal in the presence of competitor versus BRET signal in the absence of competitor receptors (BRET/BRET 0 ). The curves were fitted to binding models assuming the formation of dimers, trimers, or tetramers (Ayoub et al., 2002) .
Coimmunoprecipitation of Rluc-Fusion Receptors. Cells in six-well plates were cotransfected with C-terminal GFP-fused receptors or N-terminal FLAG-tagged MOR, DOR, or KOR with Rlucfusion receptors in a ratio of 1:1. Forty-eight hours after transfection, cells were washed with ice-cold PBS and lysed with buffer containing 50 mM Tris-HCl, pH 7.4, 300 mM NaCl, 10% glycerol, 1.5 mM CaCl 2 , 1 mM MgCl 2 plus protease inhibitors on ice for 30 min. The lysates were centrifuged at 27,000g for 10 min. The supernatants were incubated with anti-GFP or anti-FLAG antibodies for 2 h at 4°C. Then, 40 l of 50% protein A beads was added, and the mixture incubated for another hour at 4°C. The beads were washed three times with lysis buffer and then suspended in Dulbecco's PBS and distributed into 96-well microplates for luciferase activity assay using coelenterazine H. Nonspecific background was determined by cotransfection of GFP-or N-terminal-tagged receptors with Rluc construct without receptor fused or Rluc-fused muscarinic M2 receptor.
Enzyme-Linked Immunosorbent Assay. Cell surface receptors were determined by enzyme-linked immunosorbent assay as described previously (Lavoie et al., 2002) . In brief, cells were cultured in polylysine-coated 12-well plate for 2 to 3 days, and then cells were washed three times with ice-cold PBS, blocked with 1% bovine serum albumin (BSA) in PBS for 30 min, and incubated with anti-Myc antibody (1:500) or anti-FLAG M2 antibody (1:1000) for 60 min. Cells were washed three times with 1% BSA in PBS and then fixed with 3% paraformaldehyde for 15 min followed by three washes with PBS. After blocking with 1% BSA in PBS for 15 min, cells were incubated with horseradish peroxidase-conjugated secondary antibody (1:1000) for 30 min, followed by three washes with PBS supplemented with 1% BSA and one wash with PBS. Tetramethylbenzidine peroxidase enzyme immunoassay substrate (Bio-Rad, Hercules, CA) were added to each well and incubated at room temperature for 30 min. After adding the same amount of 1 N H 2 PO 4 , the absorbance was read at 450 nM with a plate reader (Fusion system; PerkinElmer Life and Analytical Sciences). Myc-MOR or FLAG-KOR individually expressing cell lines, expressed at different levels, served as controls to correct for the different affinity of two antibodies to their epitopes. In this manner, the approximate ratio of MOR and KOR expression level can be calculated from absorbance measurements in MOR-KOR-coexpressing cell line. Subcellular Fractionation. Cells in 10-cm 2 dishes were cotransfected with GFP-and Rluc fused MOR, DOR, and KOR receptors in a ratio of 10:1. Forty-eight hours after transfection, cells were washed three times with ice-cold PBS buffer, harvested, and lysed with cold hypotonic lysis buffer (20 mM HEPES, pH 7.4, 2 mM EDTA, 2 mM EGTA, 6 mM MgCl 2 , 1 mM phenylmethylsulfonyl fluoride, and protease inhibitors). Cellular fractionation was performed as described by Terrillon et al. (2003) using discontinuous sucrose step gradient (0.5, 0.9, 1.2, 1.35, 1.5, and 2 M) and centrifugation at 130,000g for 16 h. In total, 31 fractions were obtained, and luminescence, fluorescence and BRET ratio were measured in 50 l of each sample. Fractions containing plasma membranes or endoplasmic reticulum were verified by immunoblotting using antiNa/K-ATPase and anti-calnexin, to detect the respective cellular markers.
Cell Membrane Preparation. Stably transfected HEK-293 cells (Myc-tagged rat MOR, FLAG-tagged human KOR single expression cell lines, and Myc-tagged rat MOR and FLAG-tagged human KORcoexpressing cell line) were cultured in 10-cm 2 dishes until confluent. Cells were washed once in ice-cold PBS and then homogenized in buffer containing 10 mM Tris-HCl, pH 7.4, and 0.1 mM EDTA, followed by centrifuging at 500g for 5 min. The supernatants were centrifuged at 40,000g for 15 min. The pellets were washed once with the same buffer and centrifuged again. The pellets from the second centrifugation were resuspended in homogenizing buffer, divided into aliquots, and stored at Ϫ70°C until use.
Radioligand Binding Assays and Ligand Competition Experiments. Receptor binding assays were performed in buffer containing 50 mM Tris-HCl, pH 7.4, 5 mM EDTA, 20 g of membrane preparation, and different concentrations of Jordan and Devi (1999) . The reactions were stopped by rapid filtration over Whatman GF/C glass fiber filter. Specific binding was determined by total binding subtract nonspecific binding, which was determined in the presence of 10 M naloxone.
[ 35 S]GTP␥S Binding Assay. GTP␥S binding was performed in buffer containing 50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 10 mM MgCl 2 , 1 mM EDTA, 0.1% BSA, 10 M GDP, 20 g of membrane, different concentrations of agonists, and 0.25 nM [
35 S]GTP␥S. The reaction mixtures were incubated at 30°C for 5 min. The reactions were stopped by adding 1 ml of ice-cold assay buffer, followed by centrifugation at 40,000g for 5 min. The pellets were washed once with PBS buffer. Then, scintillation cocktail was added to the tube and radioactivity was counted using scintillation counter.
Statistical Analysis. All curves were fitted using the Prism program. Data are expressed as means Ϯ S.E.M.
Results
BRET.
BRET is a protein-protein interaction assay based on energy transfer from a bioluminescent donor to a fluorescent acceptor protein. In this study, we used BRET 2 with DeepBlue C substrate, which emits blue light between 390 and 400 nm upon activation of Renilla luciferase. Stimulated at this wavelength, the GFP variant, GFP 2 , emits green light at 505 to 508 nm, when in molecular proximity to the Rluc, yielding large spectral resolution and high signal-to-noise ratio. The BRET 2 signal was measured as the ratio of green light emitted by GFP 2 over blue light emitted by Rluc. To (Ramsay et al., 2002) . We also used confocal microscopy to test the localization of GFP-tagged opioid receptors. The results show that GFP fused MOR, DOR, and KOR are localized in cell membrane (Fig. 1) . Subcellular fractionation studies also indicate that the majority of GFP and Rluc activities were found in plasma membrane fractions ( Fig. 6 ; see below) compared with endoplasmic reticulum.
Relationship between Bioluminescent/Fluorescent Intensity and Receptor Density. For quantitative BRET measurements, the expression level of both the donor and acceptor protein in cotransfected cells must be known. Because the fluorescent intensity and luciferase activity are intrinsic characteristics of each fusion protein, the expression level can be determined by fluorescent intensity or luciferase activity. We constructed titration curves for GFP fluorescence intensity or luciferase activity versus receptor density (measured with [ 3 H]diprenorphine; femtomoles per milligram) for each receptor (Fig. 2) . The receptor expression levels were linearly related to both fluorescent intensity and luciferase activity. These curves subsequently served for converting fluorescent intensity or luciferase activity into receptor density (femtomoles per milligram).
BRET Saturation Curves. With a fixed amount of donor receptor (MOR-Rluc, DOR-Rluc, and KOR-Rluc at ϳ100 fmol/mg of protein, monitored by luciferase activity), the BRET signal increased when the level of acceptor receptor (MOR-GFP, DOR-GFP, and KOR-GFP) increased (from ϳ50 to ϳ1500 fmol/mg of protein, monitored by fluorescence intensity) and reached a maximum level (Fig. 3) . The ratio of acceptor/donor required to reach 50% maximum BRET ratio is assumed to represent the affinity of donor-acceptor interaction . Shown in Table 2 , maximum BRET signals (BRET max ) induced by different pairs of acceptor and donor receptors vary considerably, with DOR-DOR interactions yielding the largest BRET max signal. BRET yield is not only determined by the number of receptor oligomers formed but also by the distance between the Rluc donor and GFP acceptor. Therefore, the difference in BRET max could result from different orientations of Rluc-and GFP in the oligomerized fusion proteins. In hetero-oligomerization experiments, switching of donor (Rluc) and acceptor (GFP) receptors did not significantly affect BRET 50 but changed BRET max values (Table 2 ), demonstrating the contribution of different Rluc and GFP orientations in the fusion proteins. However, the ratio of acceptor/donor to attain 50% of the maximum BRET signal (BRET 50 ) did not significantly differ among different pairs of opioid receptors. This result indicates that the affinities of all possible pairs of the three opioid receptors are similar, suggesting that different opioid receptors have similar propensity to form homo-and hetero-oligomers if coexpressed in the same cell. Stimulation of MOR, DOR, and KOR with the selective agonists DAMGO, SNC80, and BRL 52537 (10 M; 10 min), respectively, had no effect on BRET 50 and BRET max for MOR, DOR, or KOR homooligomerization (Table 2) , indicating agonist stimulation does not change the distance between the receptor labels because opioid receptor homo-oligomers seem to be constitutively formed.
To rule out the possibility that the BRET signal is caused by nonspecific aggregation of membrane receptors, we also tagged human muscarinic M2 receptors with both GFP-and Rluc, and measured BRET signal between M2-M2 and M2-opioid receptors. Shown in Fig. 4 , when cells were cotransfected with M2-GFP and M2-Rluc, a significant BRET signal was observed, indicating homodimerization of M2 receptor, consistent with immunoprecipitation result using different epitope-tagged M2 receptor (Park and Wells, 2003) . However, when cells were cotransfected with GFP-or Rluc-fused M2 and any Rluc-or GFP-tagged opioid receptor, BRET ratios were not significantly different from that of background (determined by cotransfection of any GFP-fused receptor and Rluc alone). This result indicates that opioid receptors do not interact with the M2 receptor and further implies that the opioid receptor interactions are selective. In each case, the expression levels of Rluc-and GFP-fusion receptors were ϳ100 to 200 and ϳ1000 to 2000 fmol/mg of protein, respectively, tested by [ 3 H]diprenorphine (for opioid receptor) and [ 3 H]methylscopolamine (for M2 receptor) binding assay. Under this condition, GFP/Rluc ratio is ϳ10:1, leading to maximum BRET ratios for opioid receptor interactions (Fig. 3) . Moreover, with a constant amount (ϳ100 fmol/mg of protein) of MOR-Rluc, DOR-Rluc, or KOR-Rluc combined with increasing amounts of M2-GFP (from ϳ50 fmol to ϳ1.3 pmol/mg of protein), no BRET signal was observed for M2-GFP combined with any opioid receptor, in contrast to the robust BRET signal observed for opioid receptor interactions (Fig. 3) .
Effect of Temperature on Receptor Oligomerization. Lipid-receptor interactions are important for maintaining the conformation of membrane receptors and may be altered at low temperatures in mammalian cells (Chabre et al., 2003; Fotiadis et al., 2003) . Therefore, we measured BRET signals both at room temperature (23°C) and at 37°C. Shown in Fig.  3 , BRET saturation curves performed at 37°C did not differ from those at room temperature, with similar BRET 50 and BRET max values (Table 2 ). This result indicates that BRET We used competition curves between unlabeled and labeled opioid receptors using BRET signals to assess opioid receptor homooligomerization states as described by Ayoub et al. (2002) . The BRET signal decreased with increasing levels of competing unlabeled receptors (wild-type receptor without GFP or Rluc labeling) (Fig. 5) . Fitting the results to a dimer, trimer, or tetramer model, the data from MOR-MOR, DOR-DOR, and KOR-KOR interactions were best accounted for by receptor dimer formation ( Fig. 5 ; r 2 ϭ 0.9536 for MOR; r 2 ϭ 0.9597 for DOR and r 2 ϭ 0.9517 for KOR). This result indicates that opioid receptor interactions are mostly dimeric, or dimerization is the primary building block for opioid receptor oligomerization detectable by BRET. In contrast, cotransfection of unlabeled M2 receptor did not affect BRET signal for any of three opioid receptor interactions, indicating the inhibition by unlabeled opioid receptors is specific (Fig. 5) .
Subcellular Distribution of Opioid Receptor Homodimers. We performed BRET assay in subcellular fractions obtained from ultracentrifugation of cell membranes on a sucrose gradient (Terrillon et al., 2003) . This method produces plasma membranes in fractions 7 to 15 and endoplasmic reticulum in fractions 19 to 27 (Terrillon et al., 2003; Salahpour et al., 2004) . This was confirmed by immunoblotting using the plasma membrane and endoplasmic reticulum markers Na/K-ATPase and calnexin, respectively (Fig. 6d) . Two peaks of luminescence and fluorescence activity were observed in all three opioid receptor transfected cell preparations, with the major peak (Ͼ70% total activity) seen in fractions corresponding to plasma membranes, and the minor peak (ϳ20% of total activity) to endoplasmic reticulum (Fig. 6) , indicating that the majority of GFP-and Rluc-fused opioid receptors resided in the plasma membrane. BRET signals were detectable in both plasma membrane and endoplasmic reticulum fractions, suggesting that opioid receptor dimerization can occur before receptors are transported to the cell surface.
To determine whether dimerization occurs before plasma membrane transport, we transfected HEK-293 cells stably expressing unlabeled individual opioid receptor (at densities of 1.7, 1.5, and 1.8 pmol/mg of protein for MOR, DOR, and KOR, respectively) with the corresponding GFP-and Rluclabeled receptors. If dimerization or equilibration were to occur after transport to the plasma membrane, unlabeled receptors would have been expected to compete with tagged receptors, resulting in a decreased BRET signal. Shown in Fig. 7a , BRET signals obtained from wild-type HEK-293 cells did not differ from those obtained in cell lines stably expressing unlabeled opioid receptors. In a corollary experiment, cell lines stably expressing MOR-GFP, DOR-GFP, or KOR-GFP were transiently transfected with Rluc-fused opioid receptors. Again, no significant BRET signals were observed (Fig.  7b) . Together, these results demonstrate that opioid receptor dimerization occurs before the receptor has been transported to the cell membrane; moreover, receptor dimers are stable and do not equilibrate with other receptors once formed.
Relationship between Receptor Expression Level and BRET Signal. To test whether protein interactions occur at physiological expression levels, we cotransfected different concentration of GFP-and Rluc-fused opioid receptors yielding expression levels ranging from ϳ100 to ϳ5000 fmol/mg of protein (Fig. 8) . When the GFP/Rluc ratio is Ͼ10 (saturation of BRET signals; Fig. 3) , the BRET signals (expressed as a ratio) are similar for every pair of opioid receptors regardless of receptor expression level, which was as low as ϳ100 fmol/mg of protein (Fig. 8) .
Coimmunoprecipitation of Rluc Fusion Receptors. Hetero-oligomerization of DOR-KOR and MOR-DOR had been reported, whereas the interaction between MOR and KOR was uncertain. Jordan and Devi (1999) were unable to show interaction between MOR-KOR by coimmunoprecipitation of differently epitope-tagged MOR and KOR. In the present study, we detected a robust interaction between MOR and KOR using the BRET assay. To test MOR-KOR heterodimer formation further, we performed coimmunoprecipitation of GFP-fused receptors with Rluc-fused receptors, followed by Rluc activity measurement. Rluc without a fused receptor and Rluc-tagged M2 receptors served as background controls. Shown in Fig. 9a , Rluc-fused MOR, DOR, and KOR coimmunoprecipitated with GFP-fused MOR, DOR, and KOR in each combination, whereas no Rluc activity was recovered with the Rluc construct alone or with fused muscarinic M2 receptor. Similar results were obtained when using N-terminally FLAG-tagged MOR, DOR, and KOR instead of the GFP fusion proteins (Fig. 9b) , indicating that the tags did not interfere. The interaction between MOR-KOR did not differ from other receptor interactions, supporting direct physical interaction between MOR and KOR.
Radioligand Binding Assay. To characterize the pharmacological properties of MOR-KOR heterodimers, we established a cell line stably coexpressing N-terminal Myc-tagged rat MOR and FLAG-tagged human KOR, with 1.5 pmol/mg total opioid receptors (2 nM [ 3 H]diprenorphine binding in whole cell) and a cell surface MOR/KOR ratio of ϳ0.8/1 (measuring Myc-tag or FLAG-tag immunoreactivity by enzyme-linked immunosorbent assay; for details, see Materials (Table 4) . Consistent with the [ 3 H]DAMGO binding assay, high-affinity binding sites for DAMGO were undetectable in MOR-KOR-coexpressing cell membranes. This seems to be a specific effect, because DAMGO maintains high affinity to a portion of sites in a mixture of membranes from cells individually expressing MOR and KOR (MOR ϩ KOR, in a 1:1 ratio) (Table 4) . Similar results were obtained with the MOR-specific agonist endomorphin-1 (Table 4 ). In contrast, the KOR-specific agonists U50488H and U69593, and the putative KOR 2 subtype-specific agonist GR89696 Ho et al., 1997; Eliav et al., 1999) , have similar binding affinities in membranes from cells expressing KOR alone or MOR-KOR (Table 4) . Because cell surface labeling indicated that MOR-KOR-coexpressing cells did express MOR at a density of ϳ 600 fmol/mg of protein (40% of total receptor density), these results suggest that the MOR-KOR heterodimer formation caused a loss of high-affinity binding sites for the MOR-specific agonists tested in this study.
[ 35 S]GTP␥S Binding Assay. To test G protein coupling of the MOR-KOR heterodimer, we observed the effects of different agonists on GTP␥S binding in membranes from MOR-KOR-coexpressing cells. This was compared with the results Fig. 2 . Correlation of fluorescent intensity or luciferase activity with levels of receptor expression. HEK-293 cells were transfected with different doses of plasmids encoding GFP-fused MOR, DOR, or KOR (a) or Rluc-fused MOR, DOR, or KOR (b). Twenty-four hours after transfection, fluorescent intensity or luciferase activity as well as the number of diprenorphine binding sites were measured as described under Materials and Methods. Mean Ϯ S.E.M., n ϭ 3 in duplicate. (Table 5) . The EC 50 values are similar to published results (Zhao et al., 2003; Shaqura et al., 2004) . DAMGO also dose dependently increased GTP␥S binding in membranes from MOR-KOR cells, but with 4-fold higher EC 50 value than that in MOR membrane or MOR ϩ KOR mixed membranes (P Ͻ 0.05) (Table 5) , consistent with a lower affinity of MOR-KOR heterodimers for DAMGO (Tables 3 and 4) . Because MOR and KOR expression levels in MOR-KOR membranes were similar to that in MOR ϩ KOR mixed membranes, the different effects of DAMGO seem to result from direct MOR-KOR and increasing amounts of unlabeled wild-type MOR, DOR, KOR, or M2, respectively. Twenty-four hours after transfection, BRET signals and receptor expression levels were measured. Experimental data (f) are fitted to oligomerization models assuming formation of dimers, trimers, and tetramers model (Ayoub et al., 2002) . For all three opioid receptors, best fits were obtained with the dimer model (bold curve, r ϭ 0.9536 for MOR; r ϭ 0.9597 for DOR; and r ϭ 0.9517 for KOR). Mean Ϯ S.E.M.; n ϭ 3 in duplicate. Competitor receptor: the wild-type receptors; BRET receptors: GFP-and Rluc-fused receptors; BRET/BRET 0 , the ratio of BRET signal in the presence of different concentrations of competitor receptor over that in the absence of competitor receptors. No competition was seen with wild-type M2 receptor cotransfection (F).
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at ASPET Journals on October 14, 2017 molpharm.aspetjournals.org GTP␥S binding in KOR membranes with EC 50 of 2.4 M (Table 5) as reported by Zhao et al. (2003) , although DAMGO was unable to replace [ 3 H]diprenorphine binding on KOR at 5 M (data not shown). This result indicates that GTP␥S binding is a more sensitive assay than radioligand binding, capable of detecting weak functional interactions. In contrast, the KOR-specific agonists U69593, U50488H, and GR89696 have similar effects in cell membranes expressing KOR alone and MOR-KOR (Table 5 ). Other nonspecific agonists, morphine, dynorphin A1-13, etorphine, and bremazocine, also have similar effects in membranes from MOR-KOR-coexpressing cells and MOR or KOR singly expressing cells, or in mixed membranes of MOR and KOR cells (Table  5 ). The maximum effects induced by all agonists, ranging from 150 to 250% of basal binding, did not differ substantially between MOR-KOR-coexpressing membranes and MOR ϩ KOR mixed membranes (data not shown).
Discussion
In this study, we take advantage of quantitative features of BRET analysis, in combination with quantitative radioligand binding assays, to study homo-and heterodimerization of opioid receptors in transfected HEK-293 cells. The results demonstrate that among MOR, DOR, and KOR, any of the possible receptor pairs has similar propensity for forming homo-and heterodimers. This suggests that in a coexpressing cell, homodimers and heterodimers can coexist in proportion to expression levels of the individual receptors.
Computational opioid receptor models suggest that transmembrane domains are important for opioid receptor homodimerization . TM1 and TM4 are proposed to be responsible for MOR-MOR interaction, TM4 and TM5 for DOR, and TM5 for KOR homo-dimerization. These TM domains are highly conserved among the three opioid receptors (amino acid identity 70 -90%). This might account for similar affinity for the interaction among the three opioid receptors. Furthermore, protein-protein interactions are favored over protein-lipid interactions in the membrane bilayer on thermodynamic grounds (Schneider et al., 2002) , indicating that nonspecific interactions could contribute to dimerization.
Dimerization of rhodopsin, a related GPCR, observed by Foliadis et al. (2003) using atomic force microscopy, has been challenged (Chabre et al., 2003) . Traditional biophysical techniques have defined rhodopsin as a monomeric receptor protein randomly dispersed and freely diffusing in a fluid lipid matrix in the rod-disc membrane, but sample preparation for atomic force microscopy excludes lipids from rhodopsin and causes protein aggregation (Chabre et al., 2003) . Moreover, most previous studies were done at 25°C resulting in lipid phase separation with possible effects on protein aggregation (Chabre et al., 2003; Fotiadis et al., 2003) . Yet, in the present study, BRET signals were similar at room temperature and at 37°C, indicating that opioid receptor dimerization occurs at physiological temperatures. Agonist stimulation had no effect on BRET signals under any condition tested, suggesting that oligomerization occurs constitutively. Furthermore, we demonstrate that these interactions occur at different levels of expression arguing against nonspecific interactions resulting from artifacts of overexpression systems.
Recent studies indicate that receptors can form higher order protein networks, yielding large protein arrays (Tucker et al., 2001 ). On SDS-PAGE gels, opioid receptors were seen as monomers and dimers, or higher order aggregates (George et al., 2000) . To address this question, we used a competitive BRET assay, with wild-type opioid receptors competing with labeled receptors in the aggregation process. The competition data were incompatible with higher order oligomerization, but they fit well into a receptor dimer model. These analyses support that opioid receptors are dimeric, whereas higher molecular weight bands seen in the gel might be caused by nonspecific aggregation. On the other hand, the observed dimers may form higher order aggregates undetectable by BRET because of distance constraints.
Subcellular fraction experiments indicated that BRET signal and hence dimerization is detectable primarily in cell plasma membrane (Ͼ70%) and endoplasmic reticulum (20%) as reported for other GPCRs (Issafras et al., 2002; Terrillon et al., 2003; Salahpour et al., 2004) . This suggests that the majority of receptor dimers reside in cell surface membranes, but receptor dimerization may occur during receptor biosynthesis. Our results further show that preexisting cell surface receptors fail to compete with newly synthesized receptor for dimerization, indicating that dimers are highly stable once formed. Although the reasons for this lack of interaction remain to be resolved, it is likely that the rate of newly synthesized receptor from transient expression considerably exceeds that from stable expression, so that little dimerization occurs between stably and transiently transfected receptors. Another possibility is that stable protein biosynthesis and transient protein expression from plasmid occur at different compartments, or dynamically at different times. This needs further investigation. Homodimerization of the ␤2-adrenergic receptor is prerequisite for cell surface targeting (Salahpour et al., 2004) . Whether opioid receptor homodimerization plays a similar role requires further investigation. The predicted stability of receptor dimers formed immediately after biosynthesis raises the possibility that the extent of heterodimer formation is determined by the rates of biosynthesis from each allele of two different genes. Recent studies have shown that gene expression is a stochastic process, rather than continuous, where the degree of stochasticity varies between genes tested (Raser and O'Shea, 2004) . Therefore, the extent of homo-and heterodimer formation under physiological conditions may depend not only on relative affinity but also on variance in the timing of transcription and translation, generating differential concentrations at the site of dimerization.
Our results indicate that MOR-KOR can also form heterodimers with a similar affinity to that of MOR-DOR or DOR-KOR (Table 2) . Coimmunoprecipitation of GFP-fused or FLAG-tagged MOR or KOR with Rluc-fused KOR or MOR further confirmed direct physical interaction between MOR and KOR, at the same level observed for any other pair of opioid receptor interaction (Fig. 9) . Our results differ from a previous report (Jordan and Devi, 1999) , showing that MOR failed to coimmunoprecipitate with KOR; this discrepancy could have arisen from the different conditions used. For example, we used short time immunoprecipitation (3 h) followed by Rluc activity assay, which might be more sensitive than Western blot analysis. Moreover, the MOR-KOR heterodimer might be sensitive to overnight detergent incubation as done by Jordan and Devi (1999) . Whereas molecular modeling studies argued for differential affinities between different opioid receptors, and specifically against MOR-KOR heterodimerization , the biophysics of interactions among integral membrane proteins is only partially understood, and quantitative estimates may be subject to error.
To test functional properties of MOR-KOR heterodimers, we used radioligand binding and [
35 S]GTP␥S binding assays. Compared with MOR and KOR homodimers, the MOR-KOR heterodimer has lower affinity for the MOR agonists DAMGO and endomorphin-1 but similar affinity for the KOR agonists U69593 and U50488H. This finding suggests that heterodimerization of MOR-KOR may functionally resemble that of KOR than MOR. Different results had been obtained with MOR-DOR or DOR-KOR heterodimers, which show loss of high-affinity binding for agonists specific for either of the two receptors engaged in heterodimerization (Jordan and Devi, 1999; Gomes et al., 2000) . On the other hand, these observations are similar to those reported for somatostatin receptor heterodimerization between subtypes SSt3 and SSt2A, which lose affinity for SSt3 substrates but not SSt2A substrates (Pfeiffer et al., 2001) .
Although molecular cloning only revealed one KOR gene, pharmacological evidence had suggested the existence of (Pesce et al., 1990; Fowler and Fraser, 1994; Kuzmin et al., 2000) . MOR and KOR may functionally interact (Suzuki et al., 2001; Narita et al., 2003) (Fowler and Fraser, 1994) . DOR-KOR heterodimer has been linked to the KOR 2 subtype (Jordan and Devi, 1999) . On the other hand, KOR 2 could arise from a complex between MOR and KOR, because KOR 2 is absent in MORdeficient mouse brain (Simonin et al., 2001 ). Yet, in our study, bremazocine-induced GTP␥S binding in MOR-KOR coexpressing cell membranes did not differ between KOR and MOR singly expressing cell-membranes (Table 5) . Likewise, GR89696 has been labeled a putative KOR 2 subtype-specific agonist with antihyperalgesic effect (Ho et al., 1997 ); yet, our ligand binding and GTP␥S binding studies (Tables 3 and 5) did not show a substantial difference between KOR homodimer and MOR-KOR heterodimer (Table 4) . KOR homodimer and MOR-KOR heterodimer could have different signaling pathways that cannot be differentiated by ligand binding and G protein-coupling assays, as suggested by Childers et al. (1998) . Most studies regarding specific effects of GR89696 as a KOR 2 agonist were performed in vivo or in brain slices Ho et al., 1997; Eliav et al., 1999) , raising the possibility that the MOR-KOR heterodimer is unstable in membrane preparations or is coupled differently in native tissue.
Whether MOR-KOR heterodimers traffic similar to their respective monomers remains to be determined. The GFP 2 tag was less sensitive for immunofluorescence confocal microscopy, making it difficult to localize the heterodimer. We cannot exclude the possibility that the MOR-KOR dimers are sequestered in some manner so as to make them inaccessible to certain ligand. Therefore, the cellular function of potential MOR-KOR dimers remains to be clarified.
In conclusion, we have used quantitative BRET analysis to assess the relative affinity and the state of opioid receptors interactions. Our results unexpectedly demonstrate that all opioid receptors can form homo-and heterodimers among each other with similar avidity. These results confirm and extend previous results showing opioid receptor oligomerization, and provide a quantitative basis for assessing receptor-receptor interactions. Future studies will focus on the physiological consequences of opioid receptor homo-and heterodimerization. 
